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Abstract  
Al-Li alloys play a significant role in current aerospace components due to their exceptional strength and stiffness-to-density 
ratios and are most competitive or superior to a composite based design in an aircraft or space launcher. Since integral 
components of aerospace vehicle requires very large sheets, which size is not available commercially, joining of smaller pieces 
are required. It is known that fusion welding of Al-Li alloys is difficult due to the low melting temperature of element Li and 
causes porosity, cracking and low joint efficiency. Therefore, a solid-state joining process, like friction stir welding, is generally 
appropriate for joining of Al-Li alloys. In friction stir welding process, a non-consumable rotating welding tool is used to 
generate the frictional heat and plastic deformation of the material in the welding zone, which is a combination of extrusion and 
forging. In this article, experimental investigation provided the influence of rotating and welding speed on microstructure, 
mechanical properties, and joint quality. Valuable information about processing window which results in a successful friction 
welded joining of this alloy is presented. 
© 2015 The Authors. Published by Elsevier B.V. 
Selection and Peer-review under responsibility of the Scientific Committee of MIMEC2015. 
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1. Introduction 
Friction stir welding(FSW) is solid state joining method invented by TWI in 1991[1]. Non-consumable rotation 
tool which has shoulder and pin is inserted into welding joint. The shoulder of tool contacts with the top surface of 
material and cause frictional heat to soften the material. And the threaded pin of tool makes the softened materials to 
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flow around the tool which produce the joining. High strength aluminum alloy used in aerospace application has 
difficulties in conventional welding joints because poor solidification microstructure and porosity defects in the 
fusion zone. So FSW can be considered as the most efficient way to joining of aluminum[2].  
Aluminum lithium alloy has been used for aerospace structure because of its higher modulus and lower density 
than other aluminum alloy[3]. And these alloys also have superior mechanical properties in higher specific strength, 
enhanced resistance to high cycle fatigue, fatigue crack growth and monotonic as well as cyclic fracture at cryogenic 
temperatures[4]. Al2195 is Al-Li alloy that is widely used for space launch vehicle. Recently Al2195 replace Al2219 
for material of propellant tank of launch vehicle based on good mechanical properties in cryogenic temperature. By 
using Al2195 and friction stir welding to super lightweight external tank for space shuttle, total dry weight is 
reduced by about 11%[5,6].  
In this paper, mechanical properties and macro structure of friction stir welded joint for Al-Li alloy are researched. 
Rotation speed and travel speed are selected as process parameters to compare the results. After welding, non-
destructive tests by x-ray and macro observations of stir zone are conducted to verify the soundness of welding area. 
And the shape of stir zone including defect formation is investigated according to process parameters. 
2. Friction Stir Welding Process 
The process parameters for FSW are related with movement and shape of tool. They are rotation speed, travel 
speed, down force, tilting angle of tool, tool shape, tool material and so on. In this study, rotation speed and travel 
speed are selected as main process parameters. Down force of tool to insure the contact the shoulder and material is 
controlled by displacement to minimize the flushes which are removed by shoulder. Tool has cone shape threaded 
pin and shoulder also has threaded surface with 22mm diameter. Tool shape is shown in Fig. 1. The material used 
for this study is Al2195-T8 which thickness is 7.4mm. Chemical composition of Al2195 is shown in Table 1. 
 
  
Fig. 1. FSW tool 
Table 1. Chemical compositions of Al2195 (wt%) 
Si Fe Cu Mn Mg Zn Ti Zr Li Ag 
0.03 0.04 3.97 0.06 0.31 0.01 0.03 0.14 0.95 0.25 
3. Inspection  
Rotation speed and travel speed range for research are plotted in Fig. 2 with the result of non-destructive test. 
Welding method is single butt welding and its size is 200mm x 300mm. After welding, all area is inspected by x-ray 
to find defect. As shown in Fig. 2, 19 kinds of test specimens are welded with different process parameters. The 
range of processes is 300-800 RPM for rotation speed and 120-420 mm/min for travel speed. In Fig. 2, “O” means 
no defect is detected in radiography test and “X” means the defect is located inside of stir zone. Fig. 3 is typical 
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defect tendency detected by x-ray film. When FSW processing is finished, usually pin hole is remained at the end of 
seam. At right side of Fig. 3, this hole is marked as circle shape. As shown in Fig. 3, defects are located along the 
weld joint and it is shifted from the center line. 
 
Fig. 2. Process parameters and result of non-destructive test (O: No-defect, X: Defect) 
 
Fig. 3. Detected defect by radiography test 
4. Mechanical Properties 
Tensile test is conducted to verify the strength and elongation of welded joint using defect free specimens. 
Tensile properties of Al2195-T8 used for test is shown in Table 2. Ultimate strength and elongation results are 
plotted on the process map in Fig. 4. Test results are written by relative value of parent material. Process map can be 
divided by some area to classify the strength level. The high strength is observed in 400~600 RPM and 
240~300mm/min range. Strength is decreased if the process is far from this range. The maximum ultimate strength 
of welded joint is 73.9% of parent material and minimum is 63.3%. Fracture location of welding joints can be 
divided in heat affected zone and stir zone. In incorrect process conditions, inadequate mixing may occur at stir zone 
that cause stir zone failure with low strength. During tensile test, elongation is also measured using extensometer 
which has 25mm gauge length. Elongation results have more wide distribution than strength, 44.2%~100.1% of base 
material. And the process range which has high strength value usually shows the high elongation value, more than 
80% of parent material. The FSW process condition which shows the highest strength and elongation is 400 RPM 
and 300mm/min. But that process condition is located at the boundary of defect free zone, as shown in Fig. 2. 
Additional verification test and observation should be conducted to verify the soundness for that condition. So 400 
RPM-240mm/min process condition may give more stable results with good tensile properties.  
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Table 2. Tensile properties of Al2195-T8 
Ultimate Strength (MPa) Yield Strength (MPa) Elongation (%) 
607.9 575.3 12.49 
 
 
(a)                                                                                      (b) 
Fig. 4. Relative ultimate strength(a) and elongation(b) of base material  according to process conditions 
5. Macro Structure 
Macro and micro structure of FSW joint are shown in Fig. 5. During FSW processing, material flow direction is 
not symmetric about the weld seam because rotation motion of tool. Advancing side is defined as the side where 
tangential direction of rotation has same direction as travel direction, left side of Fig. 5. Advancing side has clear 
line to divide stir zone and parent material. Between that, thermo-mechanically affected zone would exist. Fig. 6 
shows the effect of travel speed to macro section when rotation speed is fixed as 600RPM. In low speed 
case(120mm/min), shape of stir zone at bottom area looks like square. Increasing travel speed cause irregular 
boundary shape in advancing side boundary, finally little defect start formation between advancing side and stir 
zone. From 300mm/min, unstable boundary shape may be started. Fig. 7 shows the effect of rotation speed when 
travel speed is 240mm/min. It has similar result as Fig. 6. Increasing rotation speed also cause unstable boundary in 
advancing side. Fig. 8 shows the tunnel defect located at boundary of advancing side caused from inadequate 
processing parameters. 
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Fig. 5. Macro and micro structure of FSW joint (600 RPM, 300mm/min) 
 
Fig. 6. Macro structure comparison according to travel speed (rotation speed=600RPM) 
 
Fig. 7. Macro structure comparison according to rotation speed (travel speed=240mm/min) 
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Fig.8. Tunnel defect (400RPM, 360 mm/min) 
6. Summary 
During FSW processing, the effect of tool rotation speed and travel speed are researched by non-destructive test, 
tensile test and macro structure analysis for Al2195-T8. From non-destructive test, defect free process range is 
classified. Tensile strength and elongation show different value according to process range. The maximum tensile 
strength is measured 73.4% of base material. Macro structure of welding joint is compared according to process 
parameters. From that, the change of boundary shape between stir zone and advancing side are observed and finally 
defect is initiated when the process parameters are far from adequate range. Defects would be started when it 
doesn’t have enough time for mixing the material in high travel speed zone  
In this research, process parameters range which doesn’t have defects and effect of process parameters to defect 
are investigated for Al2195. And strength and elongation of welded joints are also suggested. 
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